Objective Few prospective studies of inactivated split virion influenza vaccine have been conducted in infants and children. Our objective was to evaluate the safety, reactogenicity and immunogenicity of a thimerosal-free inactivated influenza vaccine (Fluvax Ò ; CSL Limited, Parkville, Australia) in children aged 6 months to <9 years. Results There were no withdrawals due to adverse events (AEs). The majority of solicited local and systemic AEs were of mild severity. A maximum intensity of severe was reported for injection site pain and fever by only 3AE0% and 3AE4% of participants, respectively. The vaccine was immunogenic for all antigens, with ‡95% of both younger and older children achieving seroprotection after dose 2.
Introduction
Influenza is a significant public health problem, [1] [2] [3] affecting between 20% and 43% of the pediatric population during a typical influenza season. 4, 5 The annual hospitalization rate for laboratory-confirmed influenza is highest in children younger than two years of age, and the mortality resulting from influenza in infancy is second only to that in very elderly patients. 6 During influenza seasons, otherwise healthy children are at increased risk for influenza-related hospitalizations, 4, 7 influenza-related outpatient and emergency department visits 2, 5, 7 and an increased use of antibiotics and antipyretics. 2, 5 In addition, children are major contributors to the spread of influenza infection in the community because they shed influenza virus in greater quantities and for longer durations than adults, and because of contact patterns and behavior. 3, 8 The most effective strategy to prevent influenza and its potentially serious complications is through annual vaccination. The trivalent inactivated influenza vaccine, modified annually to reflect the predominant three strains of circulating influenza virus, has been used for decades to prevent influenza infection. The Advisory Committee on the Immunization Practices (ACIP) of the Centers for Disease Control and Prevention recommends annual trivalent inactivated influenza vaccination for all children aged 6 months to 18 years. 6 Despite this recommendation, most children do not receive an annual influenza vaccination; 9, 10 estimated vaccine coverage remains <50% among children. 11, 12 Concerns about vaccine safety and effectiveness, particularly in the younger age groups, are critical barriers to vaccine uptake. 11, 13 To effectively address these concerns, evidence from prospective studies on the safety and effectiveness of the contemporary formulations of the trivalent inactivated influenza vaccine is needed. Unfortunately, such prospective studies in healthy children under the age of 9 years are limited. Therefore, the aims of our study were to evaluate the safety and immunogenicity of a trivalent inactivated influenza vaccine (Fluvax Ò ; CSL Limited, Parkville, Victoria, Australia) in healthy children aged 6 months to <9 years. The primary objective of this study was to evaluate the safety and reactogenicity of the trivalent inactivated influenza vaccine (Fluvax Ò , CSL Limited, Parkville, Victoria, Australia). The secondary objective was to evaluate the immunologic response after each dose of the vaccine. The study was conducted in accordance with the principles of the Declaration of Helsinki and the Australian regulatory requirements for Good Clinical Practice. The study protocol was approved by the Human Research Ethics Committee at each study center and written informed consent was obtained from each participant's parent ⁄ guardian before any study-related procedures were performed.
Patients and methods

Study design
Participants
Healthy children were eligible to enter the study if they were aged ‡6 months and < 9 years at enrolment; they had not previously received an influenza vaccine; and were born between 36 and 42 weeks gestation.
The main exclusion criteria were as follows: an allergy to active vaccine components; a confirmed or suspected immunosuppressive condition; a known history of Guillain-Barré Syndrome; a major congenital defect or serious illness; a history of neurologic disorders or seizures; administration of immunoglobulins or any blood products; participation in a clinical study or use of an investigational compound; immunosuppressive or immunomodulatory medication, including systemic corticosteroids; treatment with cytotoxic drugs.
Because of different dosing requirements, participants were divided into two groups according to their age at the time of the first study vaccination. Group A consisted of children who were aged at least 6 months and <3 years, and Group B consisted of children who were aged at least 3 years and <9 years.
Vaccines
The commercially available study vaccines fulfilled all the applicable regulatory requirements of the Australian Therapeutic Goods Administration. The vaccine was prepared from influenza virus propagated in the allantoic fluid of embryonated chicken eggs. Following harvest, the virus was purified in a sucrose gradient and inactivated with betapropiolactone, disrupted with detergent, purified and suspended in a phosphate-buffered isotonic solution to produce a purified ''split virion'' vaccine. A 0AE5 ml dose contained 15 lg of each of the three influenza hemagglutinin antigens as recommended by the WHO for the relevant Southern Hemisphere influenza season. As the antigen composition of the vaccine reflects the circulating strains of type A and B influenza, which differ from one season to another, the inactivated influenza vaccine used for the primary phase of the study (2005) was not antigenically equivalent to that used in the booster phase of the study (2006) ( Table 1) . Participants in Group A received 0AE25 ml of study vaccine and participants in Group B received 0AE5 ml. Group A participants turning 3 years of age after administration of dose 2 were allocated to Group B and received 0AE5 ml of the booster vaccine. Each vaccine was administered by intramuscular injection into the thigh (for participants aged 12 months or younger) or into the deltoid region of the arm (for participants older than 12 months).
Study procedures
Participant visits were conducted on Days 0, 30 ± 3, 60 ± 3 (primary exit evaluation), 365 ± 14 and 395 ± 3 (booster exit evaluation). During the visits, blood samples were collected for the immunogenicity assessments, a medical examination was conducted, and adverse events (AEs) and serious AEs were recorded. Participants were observed for 30 minutes after administration of the vaccine.
An AE diary card was used to record solicited local and systemic AEs during the 6 days following the day of vacci-nation. An AE diary card was also used to record unsolicited AEs or any medications taken during the 29 days following the day of vaccination. Serious AEs were recorded (1) from the first dose of the primary vaccine to 6 months after the second primary vaccine dose and (2) for 6 months after the administration of the booster dose.
The participant's parent graded the AEs according to severity. The first occurrence of a solicited local AE was considered related to the study vaccine. Subsequent occurrences of the same solicited local AE were assessed for causality.
Participants were also monitored for intercurrent influenza-like illness. The criteria included an axillary temperature ‡37AE5°C or an oral temperature ‡38AE0°C, and at least one of the specified influenza-like symptoms (i.e., headache, cough, sore throat, rhinitis, wheezing ⁄ shortness of breath, myalgia, ear ache, vomiting ⁄ diarrhea, reduced appetite, irritability). Participants experiencing these symptoms at any time between the day of vaccination and either of the exit evaluations were asked to attend an additional visit for medical and virologic confirmation of the influenza-like illness.
Immunogenicity
Hemagglutination inhibition (HI) antibody titers to the A ⁄ H1N1, A ⁄ H3N2 and B antigens included in the vaccine were measured at each time point by HI assay 14 ; HI antibody titers to the B strains were also measured using the single radial hemolysis (SRH) assay. Figure 1 . Summary of study design and participation. *Group A (infants aged ‡6 months to <3 years); Group B (children aged ‡3 years and <9 years). Evaluable participants: Participants who received at least one dose of the study vaccine, consistent with the prescribed dose for their age group; had complete serological data for blood specimens obtained at protocol-defined time points before and after the vaccine dose; and had not experienced confirmed influenza-like illness for the duration of the study. The proportion of participants with a protective antibody response ( ‡1:40) and the geometric mean titers (GMTs) of HI antibodies were determined for each antigen after each vaccine dose. Participants were grouped by baseline antibody titer (<1:10, seronegative; ‡1:10, seropositive) and by age. Immunogenicity was assessed according to the Committee for Proprietary Medicinal Products (CPMP) criteria for adults aged 18-60 years [CPMP ⁄ BWP ⁄ 214 ⁄ 96]. The inactivated influenza vaccine was deemed immunogenic for a given strain if at least one of the following criteria were met: (1) more than 40% of the participants in each age group seroconverted or demonstrated a significant increase in HI antibody titer by HI or SRH assay; (2) a mean geometric increase in HI antibody titer (for the HI assay) or arithmetic mean zone annulus area (AMZAA; for the SRH assay) >2AE5-fold; or (3) more than 70% of the participants in each age cohort had an HI antibody titer ‡40, or an AMZAA >25 mm 2 after vaccination.
Statistical analyses
A target sample size of 300 was chosen in accordance with the Swedish Medical Products Agency specifications (related to European influenza vaccine licensure requirements, and based on sufficient power to estimate immunogenicity with reasonable precision). Statistical analyses were performed using sas v8AE2 (SAS Institute Inc., Cary, NC, USA). Safety analyses included all participants who received at least one dose of the study vaccine, consistent with the prescribed dose for their age group. Immunogenicity analyses included evaluable participants only. Participants were considered evaluable if they: (1) received at least one dose of the study vaccine, consistent with the prescribed dose for their age group; (2) had serological data for blood specimens obtained at protocoldefined time points; and (3) had not experienced virologically confirmed influenza-like illness for the duration of the study. While 95% confidence intervals (CI) were calculated for HI GMT values, no group comparison inferential statistics were applied.
Results
Participants
A total of 298 participants were enrolled into the study ( Figure 1 , Table 2 ). All but five participants completed the primary vaccination phase. None of these participants discontinued because of AEs; the parents of four participants withdrew consent and one was lost to follow-up. During the interval between the primary and booster vaccinations, 10 participants in Group A and 6 in Group B discontinued. Of these 16, none discontinued because of AEs; six withdrew consent, four were lost to follow-up, one moved away from the study area and the remaining five were cited 'Other' as their reason for discontinuation.
Sixty-one participants from Group A who turned 3 years of age during the interval between the primary and booster vaccinations were re-allocated to Group B for the booster vaccination. Of the 277 participants remaining in the study in 2006, 273 were eligible for booster vaccination. All but seven completed the booster vaccination. None of these children discontinued because of AEs; four withdrew consent, two were lost to follow-up and one participant was not able to attend study visits. One additional child in Group B was given the 0AE25 ml dose and was excluded from subsequent, per protocol safety and immunogenicity analyses.
Safety and reactogenicity
Solicited adverse events Influenza vaccine was generally well-tolerated. In both age groups, the most commonly reported local AEs were injection site erythema and pain; the most commonly reported systemic AEs were rhinitis and irritability (Table 3) . Fever, irritability and loss of appetite were more commonly reported in younger (Group A) participants while injection site pain was more commonly reported in older (Group B) children (Table 3) . In both groups, pain and fever were reported more frequently after the booster vaccination than after each of the individual primary vaccinations (Table 3) . However, when compared with the primary vaccination (21) 17AE1 (13) 7AE5 (11) 6AE8 (10) 13AE8 (27) Wheezing ⁄ shortness of breath 3AE3 (5) 8AE6 (13) 3AE9 (3) 2AE7 (4) 2AE0 (3) 4AE6 (9) *Group A (infants aged ‡6 months to <3 years). **Group B (children aged ‡3 years and <9 years). ***Sixty-one participants turned 3 years of age during the interval between the primary and booster vaccinations and were re-allocated from Group A to Group B for the booster vaccination phase. Data obtained from only a total of 150 participants. Data obtained from only a total of 149 participants. Data obtained from only a total of 148 participants. phase as a whole, analysis did not indicate any notable differences. The majority of solicited AEs were of a mild severity. A maximum intensity of severe was reported for injection site pain and fever by only 3AE0% and 3AE4% of participants, respectively.
Unsolicited adverse events
At least one unsolicited AE was reported by 240 (80AE5%) participants in the primary vaccine phase and by 113 (41AE5%) in the booster vaccination phase. Of the reported events, most (88AE0%) were mild to moderate in intensity and 10AE9% were considered related to the study vaccine.
The most commonly reported AEs were cough, influenzalike illness, rhinitis and rhinorrhoea. No participants withdrew due to an AE.
Serious AEs were uncommon, with 15 reports collected in the study. Two reports were considered possibly related to the study vaccine; both occurred in the evening following the booster vaccination. In the first report, a 3-year-old female experienced vomiting and pyrexia that led to hospitalization overnight for rehydration. In the second report, a 3-year-old female experienced vomiting and a febrile convulsion, and was observed in the emergency department for 2 hours. Both participants fully recovered. No deaths were reported.
Intercurrent influenza-like illness
A small number of participants in each group experienced influenza-like illnesses (Table 4 ). Only one participant had a confirmed case of influenza B after the booster vaccination. However, the specimen for this child was compromised during transportation to the laboratory.
Immunogenicity
At baseline, a greater proportion of participants were seropositive (HI titer ‡10) for the A ⁄ H3N2 vaccine antigen than for either the A ⁄ H1N1 or B antigens (Figure 2 ). In addition, the proportion of participants at baseline with seropositive titers for vaccine antigens increased as age increased (Figure 2 ). Of the 34 children whose parents reported a prior year influenza-like illness (19 in Group A, 15 in Group B), there was no difference in baseline seropositivity to any vaccine antigen compared with those who did not report previous influenza (Table 2) .
Participants seropositive at baseline for A ⁄ H1N1 and B were more likely to have a protective antibody response to that antigen after only one vaccine dose than those who were seronegative at baseline. Of those seronegative at base- HI, hemagglutination inhibition; CI, 95% confidence interval. *The limit of quantitation for this HI assay was 10 and values <10 were assigned 5. Thus, there was little or no variation in these results.
line against A ⁄ H1N1 (92AE8% of participants), A ⁄ H3N2 (45AE2%) and B antigens (92AE8%), 97% became sero-protected after dose 1 against A ⁄ H3N2 versus 15% for A ⁄ H1N1 and 22% for B. Of those seropositive at baseline, nearly all achieved a protective antibody titer against the A ⁄ H1N1 (95%), A ⁄ H3N2 (100%) and B antigens (100%) after dose 1. Correspondingly, when the protective antibody response was expressed as GMT and stratified by baseline serostatus, seropositive participants at baseline had high GMTs after dose 1, whereas those who were seronegative at baseline had lower GMTs after dose 1 (Table 5 ; Figures 2 and 3) . The duration of protective antibody response to A ⁄ H1N1 and A ⁄ H3N2 appeared to be longer in patients with high baseline titers (HI titer ‡40) than in those participants with lower baseline HI titers, as evidenced by the preservation of HI titers after dose 2 and after 1 year ( Table 5 ). As the influenza B strain lineage differed between 2005 and 2006 seasons, the level of protective antibody response to the B strain declined after dose 2 and before the booster vaccination.
When stratified by age, younger children appeared to achieve a similar HI response from influenza vaccination compared with older children (Figures 2 and 3) . As with the duration of protective antibody response, the notable exception to this finding was the seroprotection rate to the B strain antigen (which differed between the 2005 and the 2006 season) after the booster vaccination.
The study vaccine met CPMP criteria in both age groups following dose 1 and dose 2 (Tables 6 and 7) . In both groups, immunological responses following dose 2 were consistently higher than those observed following dose 1.
In Group A, the A strains passed the CPMP criteria following the booster dose and the B strain passed the CPMP criteria based on the SRH assay but not the HI assay (Table 6 ). In Group B, all strains passed the CPMP criteria following the booster dose (Table 7) .
Discussion
This study is the first to our knowledge to examine the safety and immunogenicity of the inactivated influenza vaccine, Fluvax Ò in children. The results demonstrate that it has a favorable safety profile, and is well-tolerated and immunogenic when administered to children aged between 6 months and <9 years. Further, the vaccine was consistently immunogenic in children under 3 years of age, who are at greatest risk of influenza-related complications. 5 The ACIP and the American Academy of Pediatrics now recommend immunization against influenza for healthy children aged between 6 months and 18 years. 6 Both in Europe and Australia, influenza vaccination is not yet universally recommended and publically funded for children, although it is under consideration. Our findings provide further evidence of both safety and immunogenicity in the pediatric population consistent with effectiveness of inactivated influenza vaccine. These findings are consistent with the few previous reports in young children with other inactivated influenza vaccines [17] [18] [19] [20] , although differences in sample size, age groups and the methods of reporting make direct comparisons with those reports difficult. Nevertheless, minor degrees of pain and erythema at the injection site, 18, 20 and fever, 20 appear to be relatively common following influenza vaccination.
At the time of study commencement, Australian national dosing recommendations for influenza vaccination in children under 2 years of age was 0AE125 ml. 21 Since 2007, the Australian national dosing recommendation for influenza vaccination in children aged 6 months to 3 years is 0AE25 ml. 22 Our study confirms that the higher dose was well-tolerated and did not lead to an excess of AEs in the younger age group of our study. In terms of immunogenicity, the seroconversion rates in our study were generally similar to those observed in children in other studies. [17] [18] [19] The greater immune response following dose 2 in the primary vaccination phase reinforces the importance of an initial two-dose schedule for an optimal immune response in children previously unvaccinated. 12, 23 An unexpected finding in this study was the discrepancy between the HI and SRH assay results for the influenza B strain following the booster dose in Group A. CPMP requirements were met according to the SRH assay result Hemagglutination inhibition assay: seroconversion: % of participants with an antibody titer increase from <10 pre-vaccination to ‡40 post-vaccination. Significant increase: % of participants with antibody titer ‡10 pre-vaccination and at least a fourfold increase post-vaccination. Single radial hemolysis assay: seroconversion: % of participants with zone annulus area increase from 4 mm 2 pre-vaccination to >25 mm 2 postvaccination. Significant increase: % of participants with zone annulus area >4 mm 2 pre-vaccination and at least a 50% increase post-vaccination.
but not according to the HI assay result. The SRH assay has been reported to be more sensitive than the HI assay for the detection of antibodies against influenza B strain. 24, 25 Therefore, the booster vaccine is considered to have demonstrated adequate immunogenicity for influenza B strain when measured by SRH. The main scientific limitation of this study was the lack of a placebo control group. Arbitrarily, all first occurrences of solicited local AEs were deemed related to the study vaccine. In terms of immunogenicity, each participant in effect Table 7 . Summary of serological immunogenicity assay results for Group B ( ‡3 years to < 9 years) Antigen criteria CPMP requirements acted as their own control as assessments were based on blood specimens taken before and after vaccination. There was no circulating influenza at the time of vaccination, as indicated by the scarcity of virologically confirmed cases of influenza-like illness in our study participants and in community-based surveillance systems. Therefore, we attribute the observed immune responses in this study to vaccination.
In conclusion, this study has shown that the thimerosalfree inactivated influenza vaccine Fluvax Ò has a favorable safety profile and is immunogenic in children aged between 6 months and <9 years. The primary vaccine and the booster vaccine were consistently immunogenic, even in children under 3 years of age suggesting that younger children should also benefit from influenza vaccination as much as older children.
